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Rapid a n a l y s i s  of c o a l  i s  requi red  during buying and s e l l i n g  and f o r  process  con- 
t r o l  of coa l  p r e p a r a t i o n  p l a n t s ,  coal-burning power s t a t i o n s  and c o a l  conversion 
p l a n t s .  Modem process  c o n t r o l  i s  concerned n o t  only with opt imiza t ion  of process  
parameters but  a l s o  w i t h  minimizat ion of  environmental  p o l l u t i o n .  The components 
whose determinat ion is most o f t e n  needed are c a l o r i f i c  v a l u e ,  t o t a l  a s h ,  mois ture  
conten t  and s u l f u r  content .  Other important  components inc lude  ash  f u s i b i l i t y ,  
b o i l e r  f o u l i n g  index ,  ash e l e c t r i c a l  c o n d u c t i v i t y ,  and n i t r o g e n ,  c h l o r i n e  and a l k a l i  
metals conten ts .  

Process  c o n t r o l  r e q u i r e s  t h a t  the a n a l y t i c a l  r e s u l t  be a v a i l a b l e  w i t h i n  t h e  re- 
sponse t i m e  of t h e  process  b e i n g  c o n t r o l l e d .  For the  bulk s o l i d s  cons idered  h e r e ,  
such times are usua l ly  in t h e  range 5 t o  50 minutes. Thus, any a n a l y s i s  method, 
however r a p i d ,  is r u l e d  out  i f  i t  r e q u i r e s  sampling and sample p r e p a r a t i o n  times 
longer  than  t h i s .  Neutron-gamma techniques are non-des t ruc t ive ,  non-contact ,  i n s t r u -  
mental methods f o r  e lementa l  a n a l y s i s  of s o l i d s  and l i q u i d s .  They are unique i n  t h a t  
the  analyzed sample v o l u ~ l ~  can be of t h e  o r d e r  of  30 c m  cube. This is because t h e  
mean f r e e  pa ths  of t h e  i n c i d e n t  neutrons and e x c i t e d  c h a r a c t e r i s t i c  gamma r a y s  i n  
s o l i d s  and l i q u i d s  have t h a t  order  of magnitude. Coal samples of  these  dimensions 
can have m a x i m u m  p a r t i c l e  s i z e s  of up t o  1 t o  2 c m  and s t i l l  be " representa t ive" .  
Therefore  sample p r e p a r a t i o n ,  i f  necessary  a t  a l l ,  need only take a few minutes .  I n  
a d d i t i o n ,  t h e  methods are amenable t o  continuous a n a l y s i s  o f  moving material. Thus even 
l a r g e r  amounts of coa l  can b e  scanned dur ing  a given measurement time wi th  consequent 
improvement of "sampling statistics". 

Since t h e s e  methods are s p e c i f i c  t o  e l e n e n t s ,  s a t i s f a c t o r y  c o r r e l a t i o n  m u s t  b e  
assumed o r  proved between t h e  d e s i r e d  components and t h e  elements  determined. 
Obviously t h e r e  i s  no problem w i t h  e l e m e n t a l  components such as s u l f u r ,  n i t r o g e n  and 
ch lor ine .  C a l o r i f i c  va lue  is w e l l  cor re la ted ,  wi th  carbon and hydrogen content .  (1) 
Ash content  i s  c o r r e l a t e d  w i t h  t h e  concent ra t ions  of t h e  ash-forming elements, t h e  
major ones of which are Al and Si.(') 
r a t i o  which i s  a func t ion  of  t h e  b a s i c  and a c i d i c  oxides  of the  ash-forming elements  
(Al2O3, SiO2, CaO, Na20,  K 2 0  and t o  a l e s s e r  e x t e n t  M g O  and FeO,) . Moisture  i s  cor- 
r e l a t e d  wi th  hydrogen as long as t h e  C/H r a t i o  of  the p a r t i c u l a r  c o a l  remains cons tan t .  

Ash f u s i b i l i t y  is c o r r e l a t e d  w i t h  t h e  b a s i c i t y  

Ear ly  i n v e s t i g a t i o n s  o f  neutron-gamma methods concluded t h a t ,  f o r  most key 
ana lyses ,  a neut ron  genera tor  had t o  be  used as the  s o u r c e  and t h i s  w a s  n o t  considered 
p r a c t i c a l  f o r  p l a n t  condi t ions .  ( 3 , 4 )  
based on X-ray b a c k s c a t t e r i n g ,  and us ing  a small ,  s e a l e d  rad io iso tope  X-ray s o u r c e ,  
w a s  developed(3) and h a s  been i n  comnercial use f o r  about 10 years .  
X-ray method is l i m i t e d  t o  t o t a l  ash monitor ing and t h e  c o a l  m u s t  be  sampled, d r i e d  
and crushed t o  less than  about 5 nun p a r t i c l e  s i z e  b e f o r e  a n a l y s i s .  The a v a i l a b i l i t y  
i n  1967 of Cf-252 s e a l e d  rad io iso tope  neutron sources  rek indled  i n t e r e s t  i n  neutron-  
gamma methods and an on-stream s u l f u r  monitor(5) and moisture  meter(6) have now been 
developed t o  p l a n t  pro to type  e t a  e .  Other  f e a s i b i l i t y  s t u d i e s  f o r  mult ie lement  c o a l  

s t r i c t e d  t o  cons idera t ion  of  a s i n g l e  neutron-gamma method and have n o t  been a b l e  
t o  demonstrate f e a s i b i l i t y  f o r  a n a l y s i s  o f  more than a few of  the  v i ta l  e l e m n t s  
necessary f o r  proper  on-stream a n a l y s i s  of coal .  

Consequently an on-s tream coal-ash monitor  

However, t h e  

a n a l y s i s  have been c o n d ~ c t e d ( 7 - ~  8 ) b u t ,  t o  our  knowledge, they  have e a c h  been re- 

The s t u d i e s  r e p o r t e d  i n  t h i s  paper show t h a t  it is  p o s s i b l e  t o  determine essen- 
t i a l l y  all of the  major and $nor elements  i n  coa l  necessary f o r  process  c o n t r o l  by 
n o t  r e s t r i c t i n g  o n e s e l f  t o  a s i n g l e  neutron-gamma technique.  Furthermore,  t h e  
optimum n u c l e a r  r e a c t i o n  f o r  each element can then  be  chosen, so  reducing t h e  de-& 
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on t h e  gamma-ray d e t e c t o r  and e l e c t r o n i c s .  T h i s  i n  t u r n  makes p o s s i b l e  t h e  use of 
t h e  s i m p l e s t  and most p r a c t i c a b l e  ins t rumenta t ion  f o r  r e l i a b l e  p l a n t  o p e r a t i o n .  

NEUTRON-GAMMA METHODS AND INSTRUMENTATION 

Methods 

I n  neutron-gamma methods of a n a l y s i s  neut rons  from a s u i t a b l e  source  bombard 
t h e  sample, e x c i t i n g  n u c l e a r  t r a n s i t i o n s .  Exci ted  n u c l e a r  states decay a t  once wi th  
emission of  "prompt" gamma r a y s  whose e n e r g i e s  are c h a r a c t e r i s t i c  of t h e  e x c i t e d  
nuc leus  and whose i n t e n s i t i e s  are p r o p o r t i o n a l  t o  source  s t r e n g t h ,  element concen- 
t r a t i o n  and spec t rometer  e f f i c i e n c y ,  as i n  o t h e r  m t h o d s  o f  s p e c t r a l  a n a l y s i s .  I f  
the  sample and source  are s e p a r a t e d ,  the  prompt gama-ray emission s t o p s  b u t  
"delayed" o r  " a c t i v a t i o n "  g a m a  emission i s  u s u a l l y  s t i l l  present .  The i n t e n s i t y  
of the a c t i v a t i o n  gamma rays i s ,  as b e f o r e ,  p r o p o r t i o n a l  t o  e l e m n t  concent ra t ion  
b u t  a l s o  f a l l s  o f f  e x p o n e n t i a l l y  w i t h  t i m e  according t o  the  h a l f - l i f e  of the  pro- 
duct  nucleus.  The i n c i d e n t  neut rons  can have any energy from s e v e r a l  M e V  (" fas t"  
neut rons)  t o  less than  0 . 1  e V  ("thermal" n e u t r o n s ) .  Fas t  neut rons  e x c i t e  several 
u s e f u l  r e a c t i o n s  and thermal  neut rons  e x c i t e  s e v e r a l  o thers .  So i n  p r a c t i c e  w e  can 
speak of  f o u r  types of neutron-gama a n a l y s i s :  (1) f a s t  neutron-prompt gamma; 
( 2 )  f a s t  neut ron  a c t i v a t i o n ;  (3) thermal  neutron-prompt g a m a ;  and ( 4 )  thermal  
neut ron  a c t i v a t i o n .  

Although the c ross  s e c t i o n s  f o r  producing prompt gamma rays  are r e l a t i v e l y  h i g h ,  
y i e l d i n g  l a r g e  s i g n a l s ,  t h e i r  de tec t ion  m u s t  t a k e  p l a c e  i n  t h e  presence  of a h igh  
backgromd from t h e  nearby  neut ron  source.  
ray a n a l y s i s  system i s ,  t h e r e f o r e ,  a compromise between h igh  d e t e c t o r  background and 
geometr ica l  l o s s e s  due t o  the  bulky neut ron  and gamma-ray s h i e l d i n g  requi red .  
main advantage of  neut ron  a c t i v a t i o n  is  t h a t  t h e  source  and sample can b e  s e p a r a t e d ,  
enabl ing  the s i g n a l  t o  b e  measured at low background. 
are a l s o  l e s s  complex. The cross s e c t i o n s  f o r  a c t i v a t i o n  gamma emission are 
g e n e r a l l y  lower than t h o s e  f o r  prompt gamma emission but  the much l a v e r  background 
outweighs this, r e s u l t i n g  in a c t i v a t i o n  o f t e n  be ing  t h e  p r e f e r r e d  r e a c t i o n  i f  a 
choice  exists. Table  I l i s t s  t h e  main c h a r a c t e r i s t i c s  of the p r e f e r r e d  methods f o r  
a n a l y s i s  of t h e  important  e lements  i n  coa l .  

Ins t rumenta t ion  

The design o f  a p r a c t i c a l  prompt gamma- 

The 

Act iva t ion  gamma s p e c t r a  

A neutron-gamma a n a l y z e r  c o n s i s t s  e s s e n t i a l l y  of a neut ron  source ,  a gamma-ray 
spec t rometer  and a sample p r e s e n t a t i o n  system. I n s t r u n e n t a t i o n  s u i t a b l e  f o r  in -p lan t  
opera t ion  m u s t  be ruggedly cons t ruc ted  and packaged, and m u s t  be  capable  of opera t ing  
r e l i a b l y  over  long  p e r i o d s ,  unat tended.  
s i b l e ,  use s o l i d  s t a t e  c i r c u i t r y  i n  p r e f e r e n c e  t o  vacuum tubes ,  have the minimum 
nunber  of moving p a r t s ,  avoid vacuum systems and u l t ra -h igh  v o l t a g e s ,  and o p e r a t e  
wi thout  the need f o r  s p e c i a l  s u p p l i e s  such as l i q u i d  n i t r o g e n ,  cool ing  w a t e r  and 
compressed air. 

I t  should ,  t h e r e f o r e ,  be  as s imple  as pos- 

Three types  of n e u t r o n  source  e x i s t ,  n u c l e a r  r e a c t o r s ,  neut ron  genera tor  tubes 
and rad io iso tope  sources .  Radioisotope s o u r c e s  have advantages of small s i z e ,  
rugged,  s o l i d  s t a t e  c o n s t r u c t i o n  and s t a b i l i t y  of ou tput .  However, t h e i r  s t e a d y  
decay has  t o  be c o r r e c t e d  f o r  and forces  renewal a f t e r  about two h a l f - l i v e s .  Also 
they cannot be " turned  o f f "  and they provide a p o t e n t i a l  r a d i o a c t i v e  contamination 
hazard  i n  t h e  event  of an acc ident .  
dropped 20,000 f e e t  down a borehole  and f i s h e d  o u t  wi thout  developing r a d i o a c t i v i t y  
leaks, we f e e l  t h a t  t h e  combined p r o b a b i l i t y  o f  an acc ident  p l u s  s e r i o u s  contamina- 
t i o n  is very low. Since i t  w i l l  be  shown t h a t  the  requi red  ana lyses  can be performed 
using r e l a t i v e l y  l o w  n e u t r o n  outputs  (< lOg/sec) t h e  need t o  " turn of f"  t h e  sources  
d o e s n ' t  a r i s e .  
s o u r c e s  of t h i s  s t r e n g t h  and they can be handled f o r  s h o r t  per iods  w i t h o u t  any 
s h i e l d i n g ,  us ing  the p r o p e r  t o o l s .  

Since Cf-252 sources  have wi ths tood  b e i n g  

Only 1 o r  2 f e e t  of b i o l o g i c a l  s h i e l d i n g  i s  r e q u i r e d  f o r  neut ron  

As f o r  t h e  r a d i o a c t i v i t y  induced i n  t h e  sample 
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Element 

Hydrogen 
Carbon 
Nitrogen 

sodium 

Aluminum 

S i l i c o n  

S u l f u r  

Chlorine 

Potassium 

Calcium 
Titanium 
Manganese 

I r o n  

TABLE 1 

PREFERRED NUCLEAR REAClTONS FOR IMPORTANT ELEMENTS I N  COAL 

Main 
Threshold Gal l l lM 

React ion Energy (MeV) Half L i f e  
Nuclear  Neutron Energies  

Thermal 
4.8 MeV 
Thermal 
3.75 *v 
Thermal 
1.9 Fkv 
Thermal 
3.96 &V 
1.9  *v 
Thermal 
Thermal 
Thermal 
Nat u r a l  

Radioac t iv i ty  
Thermal 
Thermal 
Thermal 
Thermal 
0.86 FkV 

2.23 
4.43 

10 .83  ,lo. 32 
0.44 

1.37.2.75 
0.84 ,l. 0 1  

1. 78 
1.78 
1.78 
5.42 
6.11 

1.64 and 2.17 
1.46 

3.1 
0.32.0.93 

0.85 J. 81,2 .1  
7.63 
0.84 

Prompt 
Prompt 
Prompt 
38 s e c  

15.0 h r s  
9 .5  min 
2 . 3 1  min 
2.31 min 
Prompt 
Prompt 
Prompt 

37.3 min 
1.3 x lo9 y r  

8.9 min 
5.8  min 
2.58 h r s  
Prompt 
Prompt 

by neut ron  i r r a d i a t i o n ,  i t  is both  s h o r t - l i v e d  and completely n e g l i g i b l e ,  be ing  a 
few orders  of  magnitude lower than  can be  d e t e c t e d  by a dose rate meter and of the  
same magnitude as n a t u r a l  K40 r a d i o a c t i v i t y .  Two sources were used i n  t h e  p r e s e n t  
s t u d y ,  a 38 C i  Pu238-Be f a s t  neutron s o u r c e  ( h a l f - l i f e  86 y r s )  and a moderated, 
100 lig Cf252 thermal  neut ron  source  ( h a l f  l i f e  2.6 y r s ) .  

which c o n s i s t s  e s s e n t i a l l y  of an ene igy-d ispers ive  gamma-ray d e t e c t o r ,  HV supply ,  
pu lse  a m p l i f i e r s ,  an ana log- to-d ig i ta l  c o n v e r t e r ,  and a mul t ichannel  ana lyzer  w i t h  
microcomputer f o r  s p e c t r m  a c q u i s i t i o n  and d a t a  a n a l y s i s .  High r e s o l u t i o n ,  l i q u i d  
n i t rogen  cooled Ge(Li) gamna-ray d e t e c t o r s  have been  proposed f o r  coa l  a n a l y s i s  and 
can reso lve  even t h e  most crowded g a m a  s p e c t r a .  However, t h e s e  d e t e c t o r s  a r e  re la -  
t i v e l y  e a s i l y  and permanently damaged by neut ron  absorp t ion  or loss of c ryogenic  
cooling. 
than t h a t  of the  more rugged NaI(T1) d e t e c t o r  and they cannot o p e r a t e  at count r a t e s  
above about 1 0 4 / s e c  wi thout  s e v e r e  r e s o l u t i o n  degredat ion or s i g n a l  l o s s e s  due t o  
dead t ime.  S c i n t i l l a t i o n  counters  using NaI(T1) c r y s t a l s  (or CsI(Na), CsI(T1) , 
CaF2(Eu), e t c . )  do n o t  r e q u i r e  cool ing o r  vacuum and a r e  a v a i l a b l e  i n  l a r g e  s i z e s  
s u i t a b l e  f o r  e f f i c i e n t  gamma-ray d e t e c t i o n .  They can opera te  a t  count r a t e s  up t o  
about 105/sec wi thout  s p e c i a l  e l e c t r o n i c s  (106/sec wi th  s p e c i a l  e l e c t r o n i c s ) .  
a r e  l i t t l e  a f f e c t e d  by neut rons  and t h e  e f f e c t s  ( induced r a d i o a c t i v i t y )  a r e  rever- 
s i b l e  and do not  s e r i o u s l y  h i n d e r  opera t ion .  The c r y s t a l - p h o t o m u l t i p l i e r  assembly 
must be temperature  c o n t r o l l e d  t o  about 2 l 0 C  and n o t  s u b j e c t e d  t o  thermal  shock. 
The gamma-ray energy r e s o l u t i o n  ( i n  t h e  range 5 t o  8%) 
t o  r e s o l v e  most gamma e n e r g i e s  of i n t e r e s t .  All t h e  experiments  r e p o r t e d  h e r e  were 
conducted w i t h  a NaI(T1) d e t e c t o r  and s t a n d a r d  e l e c t r o n i c s ,  a schematic  of which is 
shown i n  F igure  1. Figure  2 shows a schematic  of one measuring head i n d i c a t i n g  the  
r e l a t i v e  p o s i t i o n  of s o u r c e ,  sample,  d e t e c t o r  and s h i e l d i n g .  
graph of a t y p i c a l  measuring head  and the  e l e c t r o n i c  system s u i t a b l e  fo r  o p e r a t i n g  
t h r e e  such heads. A minimum of  t h r e e  heads would b e  requi red  i f  a l l  four neutron-  
gamma techniques were needed f o r  a p a r t i c u l a r  mult ie lement  a n a l y s i s .  

The second major component of an a n a l y s i s  system is t h e  gamma-ray spec t rometer  

Also t h e i r  gamma-ray d e t e c t i o n  e f f i c i e n c y  i s  an order  of magnitude lowef 

They 

i s  adequate  

Figure 3 shows a photo- 
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The sample p r e s e n t a t i o n  used i n  t h i s  s tudy  c o n s i s t e d  of  the manual placement of 
20 Kg samples ( i n  28  i n .  d ia .  c y l i n d r i c a l  h o l d e r s ) .  A cont inuous p r e s e n t a t i o n  system 
would c o n s i s t  05 a means of  t r a n s p o r t i n g  a stream of coa l  having wel l -def ined dimen- 
s i o n s  (% 30 cm x % 30 cm cross  s e c t i o n )  p a s t  t h e  measuring heads at approldmately 5 t o  
50 cm/sec. The c o a l  stream could be  enclosed s u i t a b l y  (e .g . ,  i n  a s h e e t  m e t a l  tunnel)  
s i n c e  the i n c i d e n t  neut rons  and emi t ted  g a m a  r a y s  e a s i l y  p e n e t r a t e  t h i n  engineer ing 
materials. Representa t ive  sampling and s p l i t t i n g  t h e  prima p l a n t  streams to  y i e l d  
such an a n a l y t i c a l  s t r e a m  is  r o u t i n e  i n  coa l  engineer ing . ( J  

EXPERIMENTAL RESULTS AND DISCUSSION 

S e n s i t i v i t y  s t u d i e s  w e r e  made using s imula ted  coa l  samples c o n s i s t i n g  of s u g a r  
sp iked  wi th  (1) MgO + SiOz, (2 )  Fez03 + S ,  (3) Na2S04 + Al2O3, (4) Cam3 + NH4 NO3. 
I n  a d d i t i o n  unspiked sugar  and a sample of -1/2 i n .  bituminous coal. were examined. 
A l l  t h e  samples were measured using each of t h e  f o u r  neutron-gamma methods. 
gama-ray s p e c t r a  obta ined  w e r e  r e l a t i v e l y  simple and comprised a few prominent ,  well- 
reso lved  peaks. Thus d a t a  a n a l y s i s  cons is ted  s imply of i n t e g r a t i n g  each peak and 
s u b t r a c t i n g  background measured i n  a group of ad jacent  channels .  
the r e s u l t s .  The neutron-gamma method used in each case i s  l i s t e d  along wi th  t h e  
s e n s i t i v i t y  obta ined .  
coa ls  a re  given. It  is  seen  t h a t  t h e  s e n s i t i v i t i e s  obtained are adequate f o r  a l l  
the  elements t e s t e d .  

All the 

Table I1 summarizes 

Also,  t y p i c a l  concent ra t ion  ranges f o r  these  elements i n  U.S. 

TABLE I1 

PRELIMINARY RESULTS OF SIMLKATED COAL ANALYSIS 

Concentrat ion Gamma-Ray Wasurement 
Range i n  I 4  thod Energy T i m e  S e n s i t i v i t y  

Element U.S. Coals Used ( W V )  Source ( sec)  (1 Std .  kv.) 

H % 5% 

C 65-75% 

N % 2% 

Na 0.01-0.2% 

Thermal n .  2 .23 Cf-252 500 0.01% H 
Prompt y 
Fas t  n .  4.43 PwBe 500 0.2% c 
Prompt y 
Thermal n .  10.32, Cf-252 500 0.1% N 
Prompt y 10.83 
Na23(n,y)NaZ4 2.75 Cf-252 300 + 300* 0.01% Na 
Thermal n. ac tn  

Al 0.6-2.5% Al27(n,y)AlZ8 1.78 Cf-252 300 + 300* 0.003% Al 
Thermal n .  ac tn  

S i  1-62 Si28(n ,p)A128 1 .78  Pu-Be 300 + %ox 0.05% Si 
F a s t  n. actn 

S 0.2-7% Thermal n .  5.42 Cf-252 50 0 0.03% S 
Prompt y 

Ca 0.1- 1.8% Ca48 (n ,y) Ca49 
Thermal n .  act" 3.09 Cf-252 300 4- 300" 0.1% Ca 

Fe 0 . 4 - 3  Thermal n .  7.63 Cf-252 500 0.1% Fe 
Prompt y 

Neutron-gama techniques  y i e l d  l i n e a r  c a l i b r a t i o n s  of ganrma peak area v s  element 
concent ra t ion  from the  d e t e c t i o n  l i m i t  t o  100%. This  and o t h e r  work wi th  the same 
equipm?nt( l2)  showed t h a t  he te rogenei ty  and m a t r i x  absorp t ion  e f f e c t s ,  common i n  other  

neutron absorp t ion  caused by i n c r e a s i n g  hydrogen content  of  t h e  sample. The e f f e c t  
is propor t iona l  t o  the  2.23 MeV H peak area, and monitor ing t h a t  peak can y i e l d  a 
s a t i s f a c t o r y  c o r r e c t i o n .  A l t e r n a t i v e l y ,  i t  is  p o s s i b l e  t o  monitor  t h e  thermal  neutron 
flu i n  t h e  sample. 

! 
' i n s t r e n t a l  a n a l y s i s  techniques ,  w e r e  n e g l i g i b l e .  One except ion  t o  t h i s  is  thermal 

*Activat ion t i r e  p l u s  count ing t i m e .  
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The only o t h e r  i n t e r f e r e n c e s  found were peak over laps  i n  t h e  gamma-ray s p e c t r a .  
These a r e  all r e a d i l y  r e s o l v e d  and p r e s e n t  work i s  concent ra ted  on f i n d i n g  the  simplest 
methods t o  do this. W e  have s h m  t h a t  one such i n t e r f e r e n c e ,  between A l  and S i ,  is  
re olved  by us ing  two neut ron-gama techniques.  Al and S i  a c t i v a t e  to  the same i so tope ,  
Alg8, s o  t h a t  n e i t h e r  g a m a  energy n o r  tin? r e s o l u t i o n  can be used t o  d i s c r i m i n a t e  
between t h e  s i g n a l s .  
d i f f e r e n t  s o u r c e s ,  o f  s i m i l a r  samples. In one case f a s t  neut rons  p r e f e r e n t i a l l y  e x c i t e  
S i  and i n  t h e  second,  thermal  neut rons  p r e f e r e n t i a l l y  e x c i t e  Al. Solu t ion  of a p a i r  
of s imultaneous,  l i n e a r  equat ions  provides  a c c u r a t e  A 1  and S i  concent ra t ions .  I n  o t h e r  
interfelencffi, f o r  example,W on A l ,  S i  a n d  C 1 ,  Ca on Na, t h e  i n t e r f e r i n g  s p e c i e s  emits 
o t h e r  g a m a  rays  w i t h  a f i x e d  i n t e n s i t y  r a t i o  t o  the i n t e r f e r i n g  one. Measurement of 
t h e  i n t e n s i t y  r a t i o ,  which i s  an i n s t r m e n t a l  c o n s t a n t ,  and t h e  i n t e n s i t y  of t h e  re- 
s o l v e d  l i n e s  i s  a s t r a i g h t f o r w a r d  way t o  c o r r e c t  f o r  t h i s  type of i n t e r f e r e n c e .  A 
microprocessor-based c a l c u l a t o r  i n t e r f a c e d  t o  t h e  mult ichannel  ana lyzer  then provides  
a ready method f o r  s o l v i n g  the  l i n e a r  equat ions  and y i e l d i n g  concent ra t ion  d a t a  s u i t a b l e  
f o r  d i r e c t  d i g i t a l  readout  and p l a n t  cont ro l .  

by The d u a l  s o u r c e  t e c h n i q u e ( l 3 )  uses  two s e p a r a t e  i r r a d i a t i o n s ,  
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